Non-dystrophic myotonias are rare diseases caused by mutations in skeletal muscle chloride and sodium ion channels with considerable phenotypic overlap between diseases. Few prospective studies have evaluated the sensitivity of symptoms and signs of myotonia in a large cohort of patients. We performed a prospective observational study of 95 participants with definite or clinically suspected non-dystrophic myotonia recruited from six sites in the USA, UK and Canada between March 2006 and March 2009. We used the common infrastructure and data elements provided by the NIH-funded Rare Disease Clinical Research Network. Outcomes included a standardized symptom interview and physical exam; the Short Form-36 and the Individualized Neuromuscular Quality of Life instruments; electrophysiological short and prolonged exercise tests; manual muscle testing; and a modified get-up-and-go test. Thirty-two participants had chloride channel mutations, 34 had sodium channel mutations, nine had myotonic dystrophy type 2, one had myotonic dystrophy type 1, and 17 had no identified mutation. Phenotype comparisons were restricted to those with sodium channel mutations, chloride channel mutations, and myotonic dystrophy type 2. Muscle stiffness was the most prominent symptom overall, seen in 66.7% to 100% of participants. In comparison with chloride channel mutations, participants with sodium mutations had an earlier age of onset of stiffness (5 years versus 10 years), frequent eye closure myotonia (73.5% versus 25%), more impairment on the Individualized Neuromuscular Quality of Life summary score (20.0 versus 9.44), and paradoxical eye closure myotonia (50% versus 0%). Handgrip myotonia was seen in three-quarters of participants, with warm up of myotonia in 75% chloride channel mutations, but also 35.3% of sodium channel mutations. The short exercise test showed 510% decrement in the compound muscle action potential amplitude in 59.3% of chloride channel participants compared with 27.6% of sodium channel participants, which increased post-cooling to 57.6% in sodium channel mutations. In evaluation of patients with clinical and electrical myotonia, despite considerable phenotypic overlap, the presence of eye closure myotonia, paradoxical myotonia, and an increase in short exercise test sensitivity post-cooling suggest sodium channel mutations. Outcomes designed to measure stiffness or the electrophysiological correlates of stiffness may prove useful for future clinical trials, regardless of underlying mutation, and include patient-reported stiffness, bedside manoeuvres to evaluate myotonia, muscle specific quality of life instruments and short exercise testing.
Introduction
The non-dystrophic myotonias are a heterogeneous group of rare neuromuscular disorders (prevalence 51:100 000) caused by mutations in the skeletal muscle sodium (SCN4A) and chloride channels (CLCN1), and include the classic diseases myotonia congenita, paramyotonia congenita, hyperkalemic periodic paralysis with myotonia, and a diverse group of sodium channel myotonias (Emery, 1991; Ptacek et al., 1991; Hoffman and Wang, 1993; Lehmann-Horn and Rudel, 1996; Sun et al., 2001; Cannon, 2006; Fialho et al., 2007) . Patients with CLCN1 mutations (myotonia congenita) have a muscular appearance, classic myotonia on exam (delayed relaxation after contraction), percussion myotonia, and warm up of myotonia with repeated activity (Streib, 1987) . Inheritance is dominant or recessive with a more severe phenotype in the latter (Colding-Jorgensen, 2005; Fialho et al., 2007; Raja Rayan and Hanna, 2010) . The SCN4A myotonias are a more diverse group of dominantly inherited disorders that run the spectrum from mild myotonia that does not interfere with daily activities, to severe muscle stiffness, or frank episodes of paralysis (Cannon, 2000) . Patients with paramyotonia congenita demonstrate cold sensitivity, myotonia that 'paradoxically' worsens with repetitive activity, and episodic weakness (Ptacek et al., 1993; Miller et al., 2004; Cannon, 2006; Matthews et al., 2010) . In contrast, patients with sodium channel myotonia, including the potassium aggravated myotonias, have variable cold-sensitivity and no episodic weakness (Trudell et al., 1987; Ptacek et al., 1992; Ricker et al., 1994; Orrell et al., 1998; Matthews et al., 2010) . Patients with hyperkalemic periodic paralysis may have myotonia, but episodic weakness is usually the dominant feature. Although not life limiting, patients with non-dystrophic myotonia can experience significant lifetime morbidity due to stiffness and pain related to myotonia, and rarely, an infantile form of disease can be associated with respiratory distress (Lion-Francois et al., 2010) . Myotonic dystrophy type 2 is caused by CCTG repeat expansion in the zinc finger protein 9 gene, and can present with a pure myotonic phenotype that can be difficult to clinically distinguish from non-dystrophic myotonia (Day et al., 2003; Meola and Moxley, 2004) .
Electrodiagnostic studies in non-dystrophic myotonia have demonstrated characteristic mutation-related reductions in compound muscle action potential amplitude after short periods of exercise (Fournier et al., 2004; Tan et al., 2011) . Patients with CLCN1 mutations can have a transient drop in compound muscle action potential amplitude that rapidly returns to baseline; compared with SCN4A mutations where there may be no change, or a delayed reduction in compound muscle action potential amplitude, facilitated by repetition or cold (Fournier et al., 2004) .
Despite being one of the best characterized ion channel disorders, few prospective studies have compared the frequency of these classic findings in large groups of patients with genetically defined or clinically suspected non-dystrophic myotonia (Fialho et al., 2007; Matthews et al., 2008; Dupre et al., 2009; Trip et al., 2009) . The frequency and sensitivity of symptoms and signs and their relationship to underlying mutation is an important clinical question with implications for diagnosis, management and therapeutic trial planning. The NIH-funded Rare Disease Clinical Research Network provided an unprecedented opportunity to study a large group of patients with non-dystrophic myotonia using a common infrastructure, data elements and centralized training. We have previously reported data on quantitative handgrip myotonia assessment and an interactive voice response diary of patient-reported symptoms in this population (Statland et al., 2011 (Statland et al., , 2012b . In this study we describe standardized patient-reported and quantitative measures of myotonia collected prospectively from a large international cohort of definite or clinically suspected non-dystrophic myotonia.
Materials and methods
We performed a prospective observational study from March 2006 to March 2009 as part of the NIH-funded Rare Disease Clinical Research Network's Consortium for Clinical Investigation of Neurological Channelopathies (CINCH). Ninety-five subjects were recruited from six academic centres across the USA, Canada and UK. The evaluators were trained to perform all outcomes in a standardized manner at an investigator meeting. Informed consent was obtained from all study participants, and the protocol was approved by the relevant institutional review boards at all participating sites.
Subjects
Inclusion criteria were broad and were intended to mimic a clinician's approach. Participants were eligible if they were 56 years of age, had clinical symptoms or signs of non-dystrophic myotonia, presence of myotonia on electromyography, and the absence of features suggestive of a diagnosis of myotonic dystrophy type 1 (ptosis, temporal wasting, mandibular weakness, premature cataracts, and evidence of multisystem defects). Participants with genetically confirmed myotonic dystrophy type 2 could be included if they had clinical and electrical myotonia in absence of typical systemic involvement. Participants were required to stop anti-myotonic medications 5 days before each evaluation. For patients with a prior history of taking medications associated with electrical myotonia (Niebroj-Dobosz and Kwiecinski, 1983; Sonoda et al., 1994; Rutkove et al., 1996) , symptoms had to persist upon discontinuation. Patients were excluded if they had positive genetic testing for myotonic dystrophy type 1.
Outcomes
Baseline data included age, gender, self-reported race and ethnicity, medical history, and family history.
Clinical assessment
A standardized symptom questionnaire was administered, specifying details on four symptoms: stiffness, weakness, fatigue and pain. The questionnaire had the participant indicate the location, frequency, severity, alleviating factors and precipitating factors for symptoms in an evaluator-guided interview format. Severity was graded on a 1-9 scale, with 1 being minimal, and 9 the worst ever experienced. Participants also underwent a standardized physical examination/myotonia assessment. Each patient was tested for presence/absence of clinical myotonia (hand grip, lid lag, eye closure) and percussion myotonia over the thenar eminence and extensor digitorum communis muscle. Warm-up and paradoxical myotonia were assessed by asking the participant to perform five sequential 3 s manoeuvres (forced handgrip/eye closure followed by rapidly opening the fist or eyes; looking up then quickly returning gaze to neutral position). In addition time to open fists/eyes after forced closure were measured on a stopwatch.
Quality of life instruments
Participants completed the Short Form 36 Item Health Survey (SF-36). The SF-36 is a widely used generic questionnaire to assess patients' self-reported health status across physical, mental, and social domains (Ware and Sherbourne, 1992) . There are 36 items assessing eight domains (physical functioning, social functioning, role limitations due to physical, role limitations due to emotional, energy/vitality, mental health, body pain, general health perception) in addition to a physical composite score and a mental composite score. A higher score indicates better health, that is, a higher level of functioning or less pain. Participants also completed the muscle specific Individualized Neuromuscular Quality of Life (Vincent et al., 2007) . The Individualized Neuromuscular Quality of Life has been validated for adults with various neuromuscular diseases including dystrophic and non-dystrophic myotonias (Vincent et al., 2007; Sansone et al., 2012) and consists of 45 items covering 10 domains: four assessing muscle symptoms (weakness, fatigue, pain, and muscle locking), five evaluating the impact of the muscle disease on areas of life (activities, independence, social, emotional and body image) and one assessing treatment effectiveness. The Individualized Neuromuscular Quality of Life summary score is a composite of the five domains designed to assess impact of disease on quality of life, and can be thought of as a per cent of overall detrimental impact on a patient's life. Higher scores indicate a worse perception of quality of life.
Laboratory tests and genetic analysis
Creatine kinase, thyroid stimulating hormone, blood urea nitrogen, creatinine and K + were tested at baseline. A separate consent was obtained for genetic testing. Samples were analysed at the University of Rochester and in the UK. Genetic testing was performed using a tiered method based on clinical impression following the baseline visit, first looking for previously published mutations and then sequencing the whole chloride channel gene and exons 22 and 24 of the sodium channel (Fialho et al., 2007; Matthews et al., 2008) . Myotonic dystrophy genetic testing was not performed as part of this study. Participants were grouped into chloride channel mutations (CLCN1) and sodium channel mutations (SCN4A). Those with unidentified mutations were not included in the phenotypic comparisons. SCN4A participants were further broken down by specific mutation. CLCN1 participants were subdivided into recessive or dominant mode of inheritance based on the number of mutations and family history. There were some subjects who could not be further classified (n = 5).
Investigators were asked to provide a clinical diagnosis after physical exam and electrodiagnostic testing for each participant that did not have a previous molecular confirmation.
Functional evaluation
The 'get-up-and-go' test is a commonly used functional measure to assess balance with published standardized norms (Mathias et al., 1986) . We modified this test to capture changes in the timed walk related to either warm-up or paradoxical worsening of myotonia. In this protocol, participants were asked to get up and walk 30 ft after 10 min of rest in a chair. This was repeated four times at 30-s intervals, and time determined using a stopwatch.
Strength testing
Manual muscle testing was performed on the following muscles bilaterally: shoulder abductors, elbow flexors and extensors, wrist flexors and extensors, hip flexors, extensors and abductors, knee flexors and extensors, ankle plantar and dorsiflexors. We used a 13-point modified Medical Research Council scale, and individual muscle scores were averaged to create a composite manual muscle test score (Personius et al., 1994) . Quantitative hand grip dynamometry was obtained using a force transducer connected to automatic capturing software (QMA system, Computer Source). Each hand grip recorded was the best of three maximal voluntary isometric contractions recorded in kg force.
Electrodiagnostic assessment
Procedures performed at each visit included a short exercise test, a short exercise test after cooling, and a prolonged exercise test using a standardized protocol with minor modifications (McManis et al., 1986; Fournier et al., 2004 Fournier et al., , 2006 , as well as needle electromyography of proximal and distal muscles. The short and prolonged exercise tests record compound muscle action potentials before and after periods of exercise at specific time points. Post-exercise compound muscle action potential amplitudes were calculated as per cent change from the average pre-exercise baseline measurement. Abnormal decrement was determined as 510% compound muscle action potential reduction in the short exercise test and 20% in the prolonged exercise test, as previously reported (Fournier et al., 2004) . Because the main electrodiagnostic distinction between various types of myotonic disorders is best determined by the short exercise test (Fournier et al., 2006; Tan et al., 2011) , we initially assigned patterns as previously described by Fournier et al. (2004) (Supplementary Table 1 ) using the prolonged exercise test for additional determination of pattern when the short exercise test was normal. The electrodiagnostic patterns for all participants were determined by a single blinded evaluator. Electromyographic myotonia was graded on a 1 + to 3 + scale (Streib, 1987) in the following muscles: biceps, abductor digiti minimi, vastus lateralis, tibialis anterior, and thoracic paraspinal muscles.
Statistical analysis
Statistical comparisons were restricted to participants with CLCN1 mutations, SCN4A mutations, and myotonic dystrophy type 2. Standard statistical methods were used for all descriptive statistics including the calculation of the median and the first and third quartiles (i.e. interquartile range). Complete case analysis was employed throughout. The test for differences in distribution among the three mutation categories employed the Kruskal-Wallis test for factors that were either continuous data, or ordered data with more than seven levels (e.g. 0-9 severity score). The Pearson's chi-square test without continuity correction was used for testing difference in frequencies among the mutation categories. All P-values presented are two-tailed. The box and whisker plot reflect the standard calculations of the median and the first (lower hinge) and third (upper hinge) quartiles. The whisker, measured from the median, is either, one and a half times the upper minus the lower hinge, or the most extreme raw value, whichever is less. Individual raw values beyond the whisker are indicated with a dot. Descriptive analysis and statistical tests were conducted using S + 8.1 (TIBCO Spotfire) with the exception of the box and whisker plot that was constructed with Stata 11.1 (StataCorp).
Results Demographics
Ninety-five participants were recruited between March 2006 and March 2009. Two participants dropped out before study visits. Of the 93 remaining participants, 32 had CLCN1 mutations, 34 had SCN4A mutations, and nine had myotonic dystrophy type 2 (Table 1) . One participant had myotonic dystrophy type 1 (89 CTG repeats) and 17 others did not have an identified mutation, and were excluded from analysis. Gender was balanced with the exception of the CLCN1 group, which had a majority of males (75.0%). There was no difference in race or ethnicity based on underlying mutation, with participants largely Caucasian and nonHispanic. Disability and unemployment due to non-dystrophic myotonia ranged from 3.1% to 23.5% between groups. Muscle stiffness was the most prominent symptom overall in non-dystrophic myotonia (54.7%), ranging from 75.0% for CLCN1 to 11.1% for myotonic dystrophy type 2. Weakness was the most prominent symptom in myotonic dystrophy type 2 (44.4%, P = 0.005).
Clinical features
All CLCN1 participants reported muscle stiffness, with a median age of onset of 10 years, most common in the legs (90.6%) ( Table 2) . Interestingly, although 93.8% reported improvement of symptoms with exercise; 43.8% also reported worsening of stiffness with exercise (Supplementary Table 2 ). Cold was the most common trigger for symptoms (62.5%), and up to 25.0% of females reported worsening of stiffness either with pregnancy or during menstruation. On examination, 75% of participants had hand grip myotonia, showed evidence for warm-up of myotonia with repeated contractions, and had muscle hypertrophy (Table 2) . Similar to CLCN1, all SCN4A participants also reported muscle stiffness, with a median age of onset of 5 years, most common in the legs (61.8%) and face (47.1%), and the majority (82.4%) reported pain with stiffness (Table 2) . Cold was a trigger of stiffness in almost all participants (94.1%), and up to 43.8% of females reported worsening of stiffness either with pregnancy or during menstruation. Stiffness improved in 44.1% and worsened in 67.6% with exercise (Supplementary Table 2 ). Although 76.5% of SCN4A reported episodic weakness, most commonly triggered by cold, none reported an association with diet. On examination, 76.5% had handgrip myotonia, with a pattern of warm-up on repetition in 35.3% and a paradoxical worsening in 50%. Eye closure myotonia was seen in 73.5% participants (Table 2) .
Participants with myotonic dystrophy type 2 reported stiffness less frequently (66.7%), with a median age of onset at 29 years, and all subjects reported pain with stiffness. Cold was the most common trigger, with 66.7% both improving and worsening with exercise. Only 33.3% of participants with myotonic dystrophy type 2 demonstrated handgrip myotonia, with warm-up in less than a quarter of the participants. Comparing sensitivities of symptoms and signs by mutation category, there were significant differences in median age of symptom onset, with onset in the first decade for CLCN1 and SCN4A, and third decade in myotonic dystrophy type 2 (P 5 0.001). Location of stiffness was also different based on underlying mutation: 90.6% of CLCN1 reported stiffness in the leg compared with 61.8% in SCN4A, and 33.3% in myotonic dystrophy type 2 (P = 0.003), whereas 47.1% of SCN4A reported stiffness in the face compared with 6.3% in CLCN1 (P 5 0.001). Painful stiffness, cold sensitivity, and episodic weakness were seen more commonly in SCN4A and myotonic dystrophy type 2. On exam, eye closure myotonia was more common in SCN4A (73.5% compared with 25.0% for CLCN1 and 33.3% for myotonic dystrophy type 2, P 5 0.001), and paradoxical eye closure myotonia was exclusive to SCN4A (50.0%, P 5 0.001). Muscle hypertrophy was more common in CLCN1 (75.0%, compared with 41.2% in SCN4A, P 5 0.001), and warm-up was more common but not exclusive to CLCN1 (75% compared with 35.3% in SCN4A, and 22.2% in myotonic dystrophy type 2, P = 0.001).
Electrodiagnostic data
Data were available for the short and prolonged exercise tests for 81 of the 93 participants enrolled in the study and 65 of 76 with identified mutations.
The median decrements on short exercise test were 16.2% and 4.5% at room temperature and 18.4% and 22.0% post-cooling, in CLCN1 and SCN4A, respectively (Table 3 ). The sensitivity of the short exercise test for 510% decrement was 59.3% in CLCN1 and 27.6% in SCN4A at room temperature. This sensitivity increased to 66.7% in CLCN1 and 57.6% in SCN4A post-cooling. Based on Fournier patterns, CLCN1 mutations were predominantly pattern II (48%) followed by patterns III (37%), I (11%) and IV Two subjects missing the information were excluded from the calculations. d Three subjects missing the information were excluded from the calculations. (4%); SCN4A mutations as a group were predominantly pattern III (57%) followed by patterns I (32%), IV (7%) and V (4%); all myotonic dystrophy type 2 participants were pattern III.
Median electrical myotonia was grade 3 + in the tibialis anterior and thoracic paraspinal muscles in the SCN4A and CLCN1 participants compared with 1 + in particiapants with myotonic dystrophy type 2 (P 5 0.001) ( Table 3) .
Functional evaluation
Weakness was modest in all participants (Table 2) , with myotonic dystrophy type 2 the weakest overall (combined manual muscle test score 4.24 compared with 4.79 for CLCN1, and 4.73 for SCN4A; P = 0.03). The pattern of weakness was proximal involving the hip and shoulder muscles in all three mutation categories (Fig. 1) . In both SCN4A and CLCN1 participants the ankle dorsiflexors were weaker than plantar flexors, and elbow and knee extensors were weaker than flexors.
On the get-up-and-go test, all three groups showed an improvement in the time taken to perform the test with each consecutive timed walk. However, the CLCN1 and myotonic dystrophy type 2 participants had a greater reduction in time from Test 1 to Test 4 ( À 0.98 s and À 0.90 s, respectively) compared with SCN4A ( À 0.30 s) (P = 0.012).
Quality of life
The overall Individualized Neuromuscular Quality of Life score revealed that quality of life in the SCN4A and myotonic dystrophy type 2 participants was impacted to a significantly greater degree than the CLCN1 group (P = 0.017); with activities and independence life domains having the greatest influence (Table 4 ). The SF-36 physical composite score and mental composite score were not different for the three cohorts (P 5 0.10) with only role limitations for physical reasons affecting the SCN4A and myotonic dystrophy type 2 cohorts to a greater extent (P = 0.043).
Treatment for stiffness
Of all mutation confirmed participants with non-dystrophic myotonia, 40 (60.6%) were taking an anti-myotonic medication. Of these, 23 took mexiletine alone or in combination with another drug (Table 2) .
Genetic features SCN4A mutations
Thr1313Met mutations were most common (32%) followed by Arg1448His (21%) and Gly1306Ala (15%) mutations (Table 5) . Cold sensitivity for stiffness was present in most participants. Paradoxical myotonia of grip and eye closure was most common in Thr1313Met (91%) and Arg1448His (71%). Gly1306Ala participants showed a mix of paradoxical myotonia (60%) and warmup (40%) on exam. Ser804Phe has been reported with warm-up, but we observed paradoxical myotonia in our participant. Most of the Thr1313Met participants showed a modified Fournier pattern I (89%), but interestingly all of our Arg1448His participants showed One subject missing the information was excluded from the calculations.
c Three subjects missing the information were excluded from the calculations.
d
Four subjects missing the information were excluded from the calculations.
e Five subjects missing the information were excluded from the calculations.
f Six subjects missing the information were excluded from the calculations.
a Fournier pattern III. The type III pattern was also the most frequent pattern seen in the remaining sodium mutations. In participants without previous genetic confirmation, the investigators accurately diagnosed sodium channel category after completion of clinical exam and electrodiagnostic testing in 11 of 16 (68.75%) patients. Two novel SCN4A mutations were identified: Val717Ala and Ser1434Pro. Stiffness was the most prominent symptom and both participants had cold-triggered episodic weakness. Exam findings were variable with paramyotonia in Ser1434Pro and warm-up in Val717Ala. EDX patterns conformed to Fournier pattern III.
CLCN1 mutations
Participants with recessive CLCN1 mutations (n = 15) demonstrated earlier age of onset at 6 years versus 12 years for dominant mutations (n = 12) (P = 0.04) ( Table 6 ). There were no differences in location or severity of stiffness in both groups. Fournier pattern II was seen most frequently in patients with recessive mutations (64%) compared with dominant (27%). Interestingly Fournier pattern type I was seen in 14% of participants with recessive mutations and in 9% dominant mutations. In participants without previous genetic confirmation, the investigators accurately diagnosed CLCN category after completion of clinical exam and electrodiagnostic testing in 25 of 29 (86.20%). One novel CLCN1 mutation was detected: c.1-59C4A homozygous mutation. The participant had whole chloride channel gene sequencing and this mutation was not seen in normal or ethnically matched controls. Clinical features in this participant were typical of other CLCN1 participants, with stiffness, grip myotonia, warmup, and absence of paramyotonia with Fournier pattern II demonstrated on the short exercise test.
Discussion
Our international study represents one of the largest prospectively collected cohorts of participants with genetically defined or clinically suspected non-dystrophic myotonia. Although many typical features can help distinguish between sodium and chloride channel mutations in non-dystrophic myotonia, we found considerable phenotypic overlap, which has implications both for diagnosis and management, as well as for future therapeutic trial planning. Consistent with previous reports we found stiffness was the most prominent symptom with onset in the first decade, a preponderance of leg stiffness in CLCN1 and facial stiffness in SCN4A, and a higher frequency of eye closure myotonia and paradoxical myotonia in SCN4A. Warm-up of myotonia was seen in one-third of SCN4A participants, and there was significant variability in electrodiagnostic patterns on short exercise testing. This presents a diagnostic dilemma for clinicians evaluating patients with suspected non-dystrophic myotonia, and for researchers planning clinical trials. However, common themes in this cohort suggest possible solutions: although the sensitivity was low, paradoxical eye closure myotonia was unique to SCN4A; and stiffness was the most prominent and frequent symptom, regardless of underlying mutation, making outcomes designed to assess stiffness and the muscular manifestations of stiffness attractive targets for future clinical trials.
Before this study, the largest observational cohort studied 62 participants with genetically confirmed non-dystrophic myotonia using standardized interviews, and found transient weakness and leg muscle myotonia was more common in CLCN1, and paradoxical myotonia and eyelid myotonia more common in SCN4A. Our results support their findings, and expand the observation that the warm-up phenomenon was observed in both SCN4A and CLCN1 mutations (Trip et al., 2009) . A Canadian study evaluating 50 genetically confirmed participants with non-dystrophic myotonia also found considerable phenotypic overlap, with warm-up of myotonia in 79% of SCN4A participants (Dupre et al., 2009) . The most distinguishing characteristic they found was tongue myotonia in recessive CLCN1 subjects, which was not assessed here.
Environmental factors reported to increase myotonia include pregnancy, dietary potassium, temperature changes, hunger, fatigue, and emotional stress, and some of these have traditionally been thought to help distinguish the different mutations (Orrell Table 5 et al. , 1998; Lacomis et al., 1999; Fialho et al., 2008; Basu et al., 2009) . Typically, cold sensitivity has been associated with SCN4A mutations (Orrell et al., 1998; Wu et al., 2001; Miller et al., 2004) ; however, cold sensitivity was also seen in more than half of our CLCN1 participants, consistent with findings from a large CLCN1 cohort (Fialho et al., 2007) . Although traditionally exercise is reported to improve myotonia in CLCN1 mutations, and worsen myotonia in SCN4A mutations, both CLCN1 and SCN4A participants reported that exercise both improved and worsened stiffness. Pregnancy and menstruation enhanced stiffness for both CLCN1 and SCN4A participants. Although the mechanism of this is unclear, it could perhaps be due to a hormonal influence on skeletal muscle ion channels. A previous study suggested that in patients with non-dystrophic myotonia with chloride sensitive mutations, pregnancy-induced lowering of serum chloride reduces the chloride conductance sufficiently to aggravate myotonia (ColdingJorgensen, 2005) . Electrodiagnostic testing with established sensitivities and cutoffs have been recommended to guide genetic testing in non-dystrophic myotonia and are attractive quantitative targets for clinical trial outcomes. Fournier et al. (2004) reported on five electrodiagnostic patterns in skeletal muscle channelopathies using the short and prolonged exercise tests with some correlation to certain mutations. Further studies determined the short exercise test to be the more useful and practical test for guiding choice of molecular diagnostic testing in myotonic disorders (Fournier et al., 2006; Tan et al., 2011) . In our study, among all mutation-confirmed participants, although pattern I was predominantly seen in participants with SCN4A mutations (67% in Thr1313Met and 8% in Gly1306Ala), it was not exclusive to paramyotonia congenita as previously reported (Fournier et al., 2004) , with the remaining 25% belonging to participants with both dominant and recessive CLCN1 mutations. In addition, five of our participants with the SCN4A Arg1448His mutation presented with pattern III rather than pattern I, unlike prior reports (Fournier et al., 2004) , thus reducing the sensitivity of pattern I for diagnosing paramyotonia congenita. Fournier pattern II was specific to CLCN1 (23% dominant and 69% recessive) and not seen in any with SCN4A mutations, consistent with Tan et al. (2011) and contrary to Fournier et al. (2006) . The participants with myotonic dystrophy type 2 presented with Fournier pattern III, rather than pattern II as previously noted (Fournier et al., 2006) . Pattern III was ubiquitous and seen in both recessive and dominant CLCN1 mutations and all sodium channel mutations studied, and indeed was the most common pattern encountered at room temperature. Of interest one of the three participants with M1592V mutation (commonly associated with hyperkalemic periodic paralysis or paramyotonia congenita) presented with Fournier pattern V (assigned to hypokalemic periodic paralysis) and another with pattern III rather than the expected pattern IV. Our findings suggest that abnormalities in electrophysiological exercise testing may guide selection of mutational analysis for non-dystrophic myotonia; however it is not sensitive or specific enough to make a definitive diagnosis in most patients. This is the only multinational study to utilize standard validated quality of life questionnaires in large number of participants with non-dystrophic myotonia. Overall the quality of life of the SCN4A participants was more affected compared with individuals with CLCN1. Participants with SCN4A reported a higher prevalence of pain with stiffness, episodic weakness, longer duration of stiffness, and had a higher Individualized Neuromuscular Quality of Life summary score. The SCN4A cohort symptom impact scores are more similar to those found in individuals with limb girdle and facioscapulohumeral muscular dystrophies, although the life domains were less affected in the SCN4A group which is not unexpected, given the non-progressive nature of non-dystrophic myotonia when compared to the dystrophies. A previous study suggested the perception of quality of life in skeletal muscle channelopathies was similar to myotonic dystrophy, and therefore non-dystrophic myotonia should not be considered benign (Sansone et al., 2012) . The overall SF-36 scores reported did not discriminate between CLCN1 and SCN4A and in our cohort were more similar to the Dutch non-dystrophic myotonia group (Trip et al., 2009) . The SF-36 and Individualized Neuromuscular Quality of Life scores reported here were dissimilar to the Italian cohort (Sansone et al., 2012) suggesting the possibility of other influences, for example environmental or cultural.
The impact of non-dystrophic myotonia on quality of life perhaps can be appreciated more when considering that over half of the participants with non-dystrophic myotonia (61%) in our cohort were prescribed anti-myotonic medications. Approximately half used mexiletine alone or in combination, and the benefit of treatment in the CLCN1 cohort was significant, revealed in the perceived treatment effects item of the Individualized Neuromuscular Quality of Life. In a recent randomized controlled trial in nondystrophic myotonia, mexiletine was found to significantly reduce stiffness, in addition to improving electrophysiological parameters and quality of life measures (Statland et al., 2012a) .
Although differences can be seen between the broader categories of SCN4A and CLCN1, this study is limited in its power to distinguish clinical or quantitative differences between specific mutations. Functional expression studies were not performed on the three novel mutations reported here (two SCN4A, one CLCN1). Other limitations include the possibility of differences in patient-interpretation of questions in our standardized questionnaire, and a possible bias toward participants more likely to enrol in an observational study, which may appeal to participants who are more functionally independent, and less severely affected. In patients with dominant mutations and affected family members, symptoms may be recognized earlier which would influence the reported age of onset of stiffness. Seventeen participants did not have identified mutations using our standard genetic screening technique. Some may turn out to have myotonic dystrophy type 2 on routine commercial testing (nine tested negative for myotonic dystrophy type 2). And although full SCN4A sequencing or multiplex ligation-dependent probe amplification of CLCN1 gene might identify other known SCN4A mutations, deletions or duplications in CLCN1 (Raja Rayan et al., 2012) , or novel mutations, other studies have also shown that a small percentage of patients remain genetically undiagnosed despite full analysis of CLCN1 and SCN4A (Trip et al., 2008) . Despite this, our study represents one of the largest, geographically distributed non-dystrophic myotonia cohorts in the literature, and the frequencies of signs and symptoms are likely representative of the broader non-dystrophic Ion channel myotonia Brain 2013: 136; 2189-2200 | 2197 myotonia population. Genetic testing is the gold standard for definitive diagnosis and in future, DNA chip technology might replace time consuming electrodiagnostic studies in the initial evaluation of patients with non-dystrophic myotonia. However, cost is a limitation and an argument could be made that from a clinical standpoint, available treatment strategies are similar for all non-dystrophic myotonia subtypes. However, it is important to emphasize knowledge of the specific mutation does have utility: (i) to distinguish non-dystrophic myotonia from myotonic dystrophy, which can be life-limiting and requires surveillance for multisystem involvement; (ii) the potential for future mutation-specific treatments; (iii) mutation-specific characteristics might help understand disease pathophysiology better; and (iv) accurate genetic counselling can be offered to affected individuals Despite the diagnostic challenges in non-dystrophic myotonia, there are common themes observed in our non-dystrophic myotonia cohort that provide important information for the design of future treatment trials: (i) standardized assessments can be performed at multiple centres internationally to enable recruitment of larger numbers of participants than previously felt feasible; (ii) patient-reported stiffness and handgrip myotonia are common regardless of underlying mutation and are attractive outcomes for future clinical trials; (iii) grip myotonia, eye closure myotonia, and warm-up/paramyotonia in hand grip and eye closure occur frequently, are easy to perform, and are useful bedside tests in evaluating non-dystrophic myotonia; (iv) the short exercise test may be a useful quantitative measure for early phase testing and proof of concept studies; and (v) the muscle disease specific questionnaire Individualized Neuromuscular Quality of Life is a more relevant instrument for determining symptom impact on quality of life in non-dystrophic myotonia compared with the generic SF-36. Five subjects missing the information was excluded from the calculations.
